We explore the enzymatic mechanism of the reduction of glutathione disulfide (GSSG) by the reduced a domain of human protein disulfide isomerase (hPDI) with atomistic resolution. We use classical molecular dynamics and hybrid quantum mechanics/molecular mechanics calculations at the mPW1N/6-311+G(2d,2p):FF99SB//mPW1N/6-31G(d): FF99SB level. The reaction proceeds in two stages: (i) a thiol-disulfide exchange through nucleophilic attack of the Cys53-thiolate to the GSSG-disulfide followed by the deprotonation of Cys56-thiol by Glu47-carboxylate and (ii) a second thiol-disulfide exchange between the Cys56-thiolate and the mixed disulfide intermediate formed in the first step. The Gibbs activation energy for the first stage was 18.7 kcal·mol
We explore the enzymatic mechanism of the reduction of glutathione disulfide (GSSG) by the reduced a domain of human protein disulfide isomerase (hPDI) with atomistic resolution. We use classical molecular dynamics and hybrid quantum mechanics/molecular mechanics calculations at the mPW1N/6-311+G(2d,2p):FF99SB//mPW1N/6-31G(d): FF99SB level. The reaction proceeds in two stages: (i) a thiol-disulfide exchange through nucleophilic attack of the Cys53-thiolate to the GSSG-disulfide followed by the deprotonation of Cys56-thiol by Glu47-carboxylate and (ii) a second thiol-disulfide exchange between the Cys56-thiolate and the mixed disulfide intermediate formed in the first step. The Gibbs activation energy for the first stage was 18.7 kcal·mol −1 , and for the second stage, it was 7.2 kcal·mol ). Our results also suggest that the catalysis by protein disulfide isomerase (PDI) and thiol-disulfide exchange is mostly enthalpy-driven (entropy changes below 2 kcal·mol −1 at all stages of the reaction). Hydrogen bonds formed between the backbone of His55 and Cys56 and the Cys56-thiol result in an increase in the Gibbs energy barrier of the first thiol-disulfide exchange. The solvent plays a key role in stabilizing the leaving glutathione thiolate formed. This role is not exclusively electrostatic, because an explicit inclusion of several water molecules at the density-functional theory level is a requisite to form the mixed disulfide intermediate. In the intramolecular oxidation of PDI, a transition state is only observed if hydrogen bond donors are nearby the mixed disulfide intermediate, which emphasizes that the thermochemistry of thiol-disulfide exchange in PDI is influenced by the presence of hydrogen bond donors.
PDI | GSH/GSSG buffer | thiol-disulfide exchange | protein folding | ONIOM P rotein disulfide isomerase (PDI) is a multifunctional enzyme able to catalyze disulfide bond formation, cleavage, and isomerization in the endoplasmic reticulum (ER) of eukaryotic cells. Despite not being the most effective disulfide redox catalyst, the importance of PDI in the secretory protein pathway, where the formation of native disulfides is a rate-limiting step, has been widely recognized (1) (2) (3) . In recent years, PDI deletion has been related to diseases involving unfolded protein response, such as Alzheimer's, Parkinson's, and type II diabetes (4) (5) (6) . This unfolded response is mostly a result of the unbalance in the redox buffers in the ER-the glutathione (GSH)/glutathione disulfide (GSSG) and the hydrogen peroxide/molecular oxygen (H 2 O 2 /O 2 ) pairs (7, 8) . As a result from this misfolding process, these proteins form aggregates through the packing of hydrophobic exposed regions (9, 10) . PDI has also been pointed out as a potential target in cancer treatment, because it is frequently overexpressed in cancer cells (11) .
Understanding the PDI reaction with the GSH/GSSG buffer is critically important to (i) investigate the role of PDI in the redox balance of the ER; (ii) determine the kinetics and thermochemistry of the reaction catalyzed by PDI, complementing the rather scarce kinetic studies that can be found in the literature (2, 12, 13) ; (iii) draw mechanistic insights on PDI, because there are no known studies for the reaction cycle with atomistic detail for this enzyme; (iv) provide structural information (transition states) to allow for the rational discovery of therapeutic inhibitors; and (v) provide general insight on the disulfide oxidoreductase family of enzymes, which are responsible for the reduction and isomerization of disulfide bonds, through thiol-disulfide exchange.
Structure and Function of PDI
Human protein disulfide isomerase (hPDI) is a U-shaped enzyme with 508 residues. Its tertiary structure is composed of four thioredoxin-like domains (a, b, b′, and a′) and a fifth tail-shaped c domain ( Fig. 1) (14, 15) . The maximum activity of hPDI is observed when all domains of PDI contribute synergistically to its function (16) .
Similar to thioredoxin, the a and a′ domains have a catalytic Cys-X-Y-Cys motif (which for hPDI, is Cys53-Gly54-His55-Cys56 and Cys397-Gly398-His399-Cys400) near the N terminus of the α 1 -helix of the thioredoxin domain (17) , which is thought to regulate its (high) redox potential (18) . Despite the structural similarity to thioredoxin, the b and b′ domains do not exhibit the usual Cys-X-Y-Cys thioredoxin motif and share a reduced sequence identity of approximately 16.5% (11) . Instead, the bb′ region provides a large hydrophobic pocket that binds reversibly to a wide variety of peptides and misfolded proteins (19) (20) (21) (22) (23) . In particular, the b′ domain has been widely referred to significantly improve the activity of PDI toward misfolded protein substrates (15, 16, 24) . Attached to the b′ domain, there is a 19-aa segment (linker x) that connects the b′ and a′ domains. This segment is involved in domain motions that induce changes in the hydrophobic cleft that accommodates the substrates of PDI (22) .
The a′ domain does not react with misfolded proteins, unless when at substrate-saturating concentrations (25) . Nevertheless, the oxidation of the Cys397/Cys400 pair in the a′ domain has been recently observed to induce domain motions in the b′-x-a′ region, which increase the available hydrophobic surface in the cavity of hPDI, thus enhancing its isomerase and chaperone activities (22) . As a result, the oxidation of the Cys397/Cys400 pair Significance Protein disulfide isomerase (PDI) is a ubiquitous enzyme involved in disulfide bond formation during protein folding. It has been related to neurological diseases (Parkinson or Alzheimer's) because of unfolded protein response phenomena. It also participates in the regulation of the glutathione redox buffer [glutathione/glutathione disulfide (GSH/GSSG)] in the endoplasmic reticulum, also important in protein folding. PDI catalyzes the nucleophilic attack of thiolates to disulfide bonds (thiol-disulfide exchange), enhancing the formation of correct disulfide links that drive protein folding and ensure protein function. This reaction is ubiquitous to disulfide-oxidoreductases across several organisms, and it shows a distinctive chemistry. We present the enzymatic mechanism of PDI in the GSH/GSSG buffer and discuss the chemistry of thiol-disulfide exchange.
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should be a critical stage for the isomerase activity of hPDI. Initially, GSSG was thought to play a role in this process; however, currently, it is believed that this oxidation occurs through ER oxidoreductins (26) (27) (28) , because these enzymes have shown significant interaction with the b′ and a′ domains of hPDI (29) . In SI Appendix, Table S1 , we summarize the main characteristics and function of the different domains of hPDI.
GSH/GSSG Buffer in Catalysis by hPDI
The main catalytic cycle of PDI as an isomerase can be summed up in two main stages: (i) formation of the mixed disulfide PDI: substrate intermediate through bonding of the Cys53-thiolate to a nonnative disulfide of the misfolded protein and (ii) cleavage of the mixed disulfide intermediate by two possible ways: either formation of an internal protein disulfide between Cys53 and Cys56 or formation of yet another mixed disulfide with another substrate protein Cys or a foreign thiolate species (13, 24, 30) .
To support this hypothesis, experimental studies emphasize that Cys53 presents a lower pK a (∼4.4-6.7) than would be expected for equivalent cysteines in thioredoxin-like folds (∼7.1) (24, (31) (32) (33) (34) and solution (9.1), whereas Cys56 is more buried within the a domain and presents a much higher pK a (∼12.8) (35) . As a result, Cys53 is predominantly deprotonated in the ER and can act as a nucleophile much better than the protonated thiol in the first thioldisulfide exchange reaction of hPDI. The intriguing pK a and redox properties of Cys53 have been discussed often in the literature (36) (37) (38) , and three major factors have been pointed out to support these observations: (i) the stabilization of the Cys53-thiolate by nearby positively charged residues; (ii) the effect of several hydrogen bond donors (His55 and Cys56) nearby Cys53 as opposed to Cys56, because thiolates are much better hydrogen bond acceptors than thiols; and (iii) the effect of the macrodipole on a neighboring α-helix. From these aspects, the effect of the hydrogen bond donors in the Cys-X-Y-Cys motif seems to find greater acceptance in academia (39) (40) (41) (42) . Earlier theoretical studies using cluster models (43) (44) (45) suggested that thiol-disulfide exchange is an S N 2 reaction, in which a nucleophilic thiolate (S nuc ) linearly attacked a disulfide with concomitant dissociation of the latter. In this reaction, the S nuc and the leaving sulfur (S lg ) are approximately parallel to each other and orthogonal to the central sulfur (S ox ), in such a way that the reactant and product disulfides exhibit a torsion of ∼90°around the S-S bond axis (37, (46) (47) (48) . As a result, minor conformation rearrangements occur during the S N 2 reaction (47). It has been observed also that the near orthogonality of the CSS angles in the disulfide results from a hyperconjugation effect from the interacting p orbitals involved in CS and SS bonds, whereas d orbitals from sulfur mostly do not interact. This effect is proposed to strengthen the disulfide bond (47, 49) . For the particular case of the thiol-disulfide exchange between the Cys53-thiolate and the disulfide of GSSG, a secondorder turnover rate of 191 M −1 ·s −1 has been determined (13) . After the first thiol-disulfide exchange, there are two pathways that compete to complete the catalytic cycle: either the buried Cys56 attacks the mixed disulfide, oxidizing the a domain, or another thiolate (from the substrate or solution) attacks the mixed disulfide intermediate, restoring the reduced state of hPDI. The former step prevents the formation of kinetically trapped intermediates (7, 50, 51) . It has been proposed that, before this step occurs, the pK a of Cys56 lowers to make the thiolate form more prevalent and able to attack the mixed disulfide (24) . Arg120 has been indicated to contribute to this lowering of pK a (35) , and the glutamate of the buried Lys81/Glu47 pair located nearby Cys56 is proposed to be responsible for the deprotonation of the latter (14, (52) (53) (54) (55) . Because mixed disulfide intermediates were observed to be long-lived (13) , was determined for the complex between the a domain of hPDI and GSSG) (13) .
The thermodynamic and kinetic contours of the isomerization process are still very scarce (30, 56) . It is known that the actual isomerization rate of PDI is lower than the rate of thiol-disulfide exchange reactions and that the relative efficiency of each catalytic site in PDI is dependent of the substrate and the synergistic effects in its environment (16, 25, 57) . Nevertheless, the k cat of the isomerization by PDI may be up to 10 3 times larger than that of the uncatalyzed reaction (which exhibits a turnover rate of about 1 min
We have studied the reduction of GSSG in the a domain (the postulated mechanism is in Fig. 2 ). Although GSSG is not a substrate for which PDI exhibits a high affinity, it is one of the smallest and more important substrates of PDI (59) . The role of this enzyme in controlling the GSH/GSSG buffer has been a subject of research in the near past (13, 26, 60) . It is known that this buffer takes part in disulfide bond redox reactions in the ER, and thus, it can form mixed disulfide intermediates that will also take part in the process of disulfide isomerization of misfolded proteins by PDI (61) (62) (63) . Finally, the availability of experimental kinetics for this reaction (13) provides important checkpoints to validate our theoretical calculations.
Methods
Modeling the hPDI:GSSG Complex. Our molecular model was built from the X-ray crystallographic structure of a human oxidized protein disulfide isomerase (hPDI ox ) with Protein Data Dank (PDB) ID code 4EL1 (15) . It included the four thioredoxin-like domains and the linker sequence of the enzyme (details are in SI Appendix). A total of 237 residues, comprising the a and b domains, were later considered to build the quantum mechanics/ molecular mechanics (QM/MM) model. No modeling of any kind was required for these domains.
The GSSG substrate was modeled in the active site of the a domain of hPDI ox from the X-ray structure of a homologous enzyme (glutaredoxin) bound to GSSG (PDB ID code 4TR0) (64) . Glutaredoxin is a thioredoxin-like enzyme that catalyzes the reduction of GSSG to GSH; like PDI, it also possesses the catalytic Cys-X-Y-Cys motif (Cys12-Pro13-Tyr14-Cys15) (36) . We have aligned the heavy atoms of the backbone of the Cys-X-X-Cys motif of glutaredoxin and that of the a domain of hPDI ox (rmsd of 0.27 Å) (SI Appendix, Fig. S3 ) and transposed GSSG and all water molecules within 6 Å of GSSG into oxidized PDI. We have not observed clashes between these waters and hPDI.
Physiological protonation states were attributed to all residues [according to the results from the Propka31.py script (65, 66) ], except for Cys53, Cys397, and Cys400, which have protonation states that are extensively described in the literature (15, 52, 67, 68) : Cys53 was modeled as a thiolate, and the Cys397 and Cys400 pair was oxidized. All molecular mechanics (MM) parameters for the enzyme were drawn from the FF99SBildn force field (69-71); the parameters for GSSG were determined for the X-ray conformation in glutaredoxin using the Antechamber tool and the PARM99 force field (72, 73) with Merz-Kollman charges (74) derived from a restrained electrostatic potential fitting from a single-point energy calculation at the HF/6-31G(d) level of theory. All parameter and coordinate files are included in Dataset S1.
To minimize the energy of our model at the MM level of theory, we built a rectangular box solvated with transferable intermolecular potential 3-point (TIP3P) waters (75) within a radius of 12 Å from the surface of the enzyme and neutralized the charge of the model (−39 a.u.) with 39 Na + counterions (77) (details on heating are in SI Appendix). We have used the SHAKE algorithm (78) to constrain the motion in H-including bonds to use a 2-fs integration step and the particlemesh-Ewald summation method (79) to account for the electrostatic interactions beyond the 10-Å cutoff for nonbonded interactions. We have kept the X-ray positions of the solute fixed, because there is evidence that the X-ray structure, being the most common and an average over the enzyme conformations in the crystal form, is the most adequate to be used in single-conformation potential energy surface (PES) studies. We then took the last structure of the cMD run as the representative catalytic conformation of the solvated hPDI ox :GSSG complex.
Building the QM/MM Model. To determine the enzymatic mechanism of hPDI, we used QM/MM calculations with the our own N-layered integrated molecular orbital/molecular mechanics (ONIOM) methodology (80) . Nevertheless, several different computational approaches have been widely used to determine enzyme reaction mechanisms (81) (82) (83) (84) (85) (86) (87) (88) (89) (90) . We have drawn thermochemical and kinetic insight from single-conformation calculations with the X-ray-based model. The QM/MM model included the a and b domains of hPDI ox , GSSG, all water molecules within a 3-Å radius of the included domains, and all water molecules within 6 Å of the active site of the a domain (Cys53-Gly54-His55-Cys56, Glu47, Arg120, and GSSG). These two domains are the only ones that are relevant for the reaction, because the small substrate is far away from the remaining domains. The insights drawn for this study are not intended to represent the chaperone activity of hPDI but solely, the thiol-disulfide exchange reaction.
The layer to be studied at the density-functional theory (DFT) level comprised 160 atoms (with an overall charge of −1 and a singlet multiplicity) and included the Cys53-Gly54-His55-Cys56 motif; Glu47; Arg120; a substantial part of GSSG; all water molecules within 6 Å from the sulfur atoms of Cys53, Cys56, and GSSG; and the oxygen atoms of Glu47 (a coordinate file is in Dataset S2). We further used a DFT layer (165 atoms) in another calculation to evaluate the effect of protonating His55 in the active site to the imidazolium form (Dataset S3). We used the link atom approach (80, (91) (92) (93) to saturate the valences that resulted from the truncation of bonds across the DFT and MM layers. The MM layer comprised the a and b domains of hPDI ox and the remaining water molecules (7,006 atoms). In Fig. 3 , we present our QM/MM model, highlighting the DFT and MM layers and the atoms where the DFT layer was cut.
Determining the Catalytic Mechanism. All calculations were performed with the ONIOM methodology and the electrostatic embedding scheme (94) as implemented in the Gaussian09 package (95) . Throughout the calculations, all water molecules included in the MM layer were kept fixed. The mPW1N/ 6-31G(d):FF99SB level of theory was used for all geometry optimizations. Several works have shown that the 6-31G(d) basis is adequate for the purpose (85) . Furthermore, a previous study has shown that mPW1N (96) (97) (98) (99) (100) (101) [along with mPW1K (96-100, 102, 103), BB1K (104) (105) (106) , and mPWB1K (96-100, 104, 107, 108) ] is one of the best density functionals to adequately describe the thermochemistry and kinetics of thiol-disulfide exchange (45) .
We performed relaxed geometry optimization calculations for all stationary points along the reaction coordinate. Nuclear vibrational frequencies revealed their nature (one imaginary frequency in the DFT layer for transition states (TS) and no imaginary frequencies in the DFT layer for minima). The 0 K electronic energy was determined with single-point energy calculations at the ONIOM(mPW1N/6-311+G(2d,2p):FF99SB//mPW1N/6-31G(d):FF99SB) level of theory. We have also compared the performance of mPW1N with BB1K. The results state that the energy profiles of the reaction are similar (SI Appendix, Table S3 ). To build the thermochemical and kinetic profile of the reaction, we determined zero-point energy and thermal and entropic contributions to the Gibbs energy at the mPW1N/6-31G(d):FF99SB level of theory. These corrections were calculated at 310 K and 1 bar using the harmonic oscillator/rigid rotor/particle in a box formalism. In the particular case of vibrational entropy, we used both the harmonic oscillator approximation and the combined free rotor/harmonic oscillator approximation as described elsewhere (109) to evaluate the effect of anharmonicity of low vibrational frequencies in the entropy (SI Appendix). Both approximations showed similar results, with differences in Gibbs energy coming from vibrational entropy and lower than 1 kcal·mol −1 .
Results and Discussion
In the optimized QM/MM model, the disulfide of GSSG is linearly aligned (164.5°) with the Cys53-sulfur (S Cys53 ); the backbone NH of His55 and Cys56 are oriented to favor the formation of hydrogen bonds with the Cys53-thiolate; the Glu47-carboxylate, which is postulated to deprotonate the Cys56-thiol, makes two hydrogen bonds with water molecules (1.64 and 1.80 Å); the Arg120-guanidinium makes a salt bridge with the glutamyl-carboxylate of GSSG (35); and His55-imidazole is hydrogen-bonded to the GSSG-glutamyl and a nearby water molecule (2.09 and 2.02 Å). Also in agreement with the literature (37, 46, 48) , all angles involving the sulfur atoms from GSSG (S ox and S lg ) or Cys53 are close to 90°(88.8°for C ox -S ox ···S Cys53 , 113.0°for S ox ···S Cys53 -C, 104.7°for C lg -S lg -S ox , and 101.2°for C ox -S ox -S lg ), and all torsions centered on the S-S axis are also close to 90°(93.3°for C ox S ox -S Cys53 C and −74.4°for C lg S lg -S ox C ox ). The GSSG is very solvent-exposed. Our calculations showed that, when only the water molecules from the X-ray crystal were included in the DFT layer (Dataset S4), no TS was observed, and the energy of reaction was much higher than the 30-kcal·mol
limit. On inclusion of a considerable number of water molecules nearby GSSG at the DFT level (Dataset S5), we determined a TS with a barrier of ∼17 kcal·mol −1 . These results show that, as observed in previous studies (110) , the solvent plays a major role in the nucleophilic attack of Cys53 to GSSG (43, 45) . A detailed discussion is provided in SI Appendix. Protonation of His55 in the S N 2 Nucleophilic Attack of the Cys53-Thiolate. We performed the nucleophilic attack of Cys53 on GSSG with two protonation states for the His55-imidazole in the Cys53-Gly54-His55-Cys56 motif. We built a model complex, in which the His55-imidazole was positively charged (with 165 atoms in the DFT layer) and one with the neutral His55 protonated in the δ-nitrogen (with 160 DFT atoms). Despite that the most accepted hypothesis is that His55 is neutral (36) , it has also been suggested that the His55-imidazolium cation could stabilize the Cys53-thiolate (111) . Hence, we compared the nucleophilic attack of Cys53 to GSSG on both models (Fig. 4) .
Our calculations showed that, if the His55 was positively charged, the nucleophilic attack of the Cys53-thiolate did not form the linear trisulfide anion arrangement (Fig. 5, Right) . The nucleophilic attack in which we modeled an His55-imidazolium exhibited no transition state, the energy of the nucleophilic attack increased throughout the entire linear transit scan (above 60 kcal·mol −1 ), and there was no formation of any mixed disulfide intermediate. However, the nucleophilic attack in which we had the neutral His55-imidazole (Fig. 5, Left) exhibited a clear transition state, forming a mixed disulfide intermediate.
An analysis of the conformation represented in Fig. 5 indicated that the imidazolium cation was establishing hydrogen bonds with solvent molecules only, whereas the imidazole form was also a hydrogen bond donor to the carboxylate of the glutamyl moiety of GSSG. We observed also that there was a salt interaction between the guanidinium moiety of Arg120 and the glutamyl-carboxylate of GSSG in both models. However, only the neutral imidazole of His55 established hydrogen bonds with the glutamyl-carboxylate of GSSG. In the imidazolium form of His55, the Arg120 and the glutamyl-carboxylate were farther apart. Thus, we believe that the repulsive interaction between the positive Arg120 and His55 weakened the interaction between GSSG and the active site of the a domain. This effect compromised the linear arrangement of the sulfur atoms required for the trisulfide anion to form (the S lg -S ox ···S Cys53 angle was 172°for the neutral His55 and 108°for the positively charged one). It should also be responsible for the difference in about 40 kcal·mol −1 that was observed in the PES of both nucleophilic attacks (Fig. 4) .
At this point, we have asserted that, for the thiol-disulfide exchange reaction to occur, we require that the His55-imidazole in the Cys53-Gly54-His55-Cys56 motif is in the neutral form for the attack of the Cys53-thiolate to the GSSG-disulfide to occur linearly. In the reactants (GSSG), the Cys53-sulfur (S Cys53 ) was at 4.49 Å from the GSSG-disulfide and hydrogen-bonded to the backbone NHs of His55 and Cys56 and to the Cys56-thiol. The Glu47-carboxylate was hydrogen-bonded to the backbone carbonyl of Cys56 via a water molecule. The His55-imidazole was hydrogenbonded to a water molecule and the carboxylate terminus of the GSSG-glutamyl. These hydrogen bonds remain formed throughout the entire catalytic cycle, and as such, these hydrogen bond donors/acceptors were not involved in the chemical step.
In the nucleophilic attack of the Cys53-thiolate (Fig. 6) , the hydrogen bonds formed with His55 and Cys56 increased considerably, particularly those involving Cys56. However, an analysis of their associated energy gradient suggested that this increase was not favorable up to the TS. Because the Cys53 only loses its anionic character at the TS (when the linear trisulfide anion is formed), we speculate that the weakening of the hydrogen bonds before the TS could be related to the inability of the backbone NHs of His55 and Cys56 to move along with the Cys53-thiolate during its displacement toward GSSG.
At the transition state (TS redox1 ), the vibrational mode characterized by an imaginary frequency of 156i cm −1 displayed a linear antisymmetric stretching of the three sulfur atoms. The hydrogen bond established between the His55 peptide amine and the Cys53-thiolate increased the least (2.35-2.64 Å) at the TS redox1 . The trisulfide anion (S lg ···S ox ···S Cys53 ) exhibited an angle of 172°and bond distances of 2.57 Å (S lg -S ox ) and 2.43 Å (S ox -S Cys53 ). A water molecule in the close vicinity of the leaving glutathione (GSH lg ) approximated substantially to make a shorter hydrogen bond (2.91-2.48 Å) and stabilize the negative charge building on GSH lg . After the S-S bond was formed in the mixed disulfide [GSH lg ···oxidized glutathione (GSH ox )-Cys53], Fig. 6 . Stationary points for the nucleophilic attack of the Cys53-thiolate to the GSSG-disulfide with distances in angstroms (GSSG, TS redox1 , and GSH lg ···GSH oxCys53). Blue to red shades in atoms represent the most relevant changes in atomic charge relative to the GSSG state (from 0.07 to 0.30 a.u.). Blue stands for increase in atomic charge, and red stands for decrease in atomic charge.
the hydrogen bonds between Cys53 and Cys56 shortened, contrary to those established with the His55 backbone. There was also an evident charge transfer occurring from the Cys53-thiolate to GSH lg resulting from the cleavage of the GSSG-disulfide bond. The GSH lg was negatively charged and solvated, and the Cys53-sulfur was oxidized and covalently bound to GSH ox -sulfur. The thiol-disulfide exchange occurred with little geometry modifications. The ∼90°amplitude for the C-S-S ox /C ox -S ox -S angles (104.7°/101.2°to 107.6°/105.5°) and CS-S ox C ox dihedral (−74.4°t o 99.0°) was maintained between GSSG and GSH ox -Cys53, in agreement with earlier studies that pointed out that hyperconjugation between the SC bond and the SS bond played an important role in the arrangement of SS dihedral angles (47, 49) . Moreover, an analysis of the CS and SS natural bond orbitals indicated that the SS bond was a single bond formed by sp hybridization of sulfur valence orbitals (with p orbitals accounting for ∼90% of the interaction); the same occurred for CS bonds (p orbitals accounted for ∼80% of the interaction). The predominant contributions of p orbitals for the binding might also explain why the CS-SC dihedral and the CSS angles were mostly orthogonal (47, 49) .
The Gibbs activation energy for the first thiol-disulfide exchange was 18.7 kcal·mol −1 (Fig. 7) , a value close to the experimental barrier of 17.6 kcal·mol −1 , derived from transition state theory using an experimental turnover of 2.6 s −1 . This last value was calculated from the experimental second-order rate constant and the typical concentrations of GSSG and hPDI in the ER (SI Appendix) (13, (112) (113) (114) .
Our results suggested that the rotation of the Cys56-thiol toward the water molecule nearby (Cys56···WAT) followed quickly. We could not optimize completely the TS for this rotation within the standard convergence criteria of Gaussian09; however, we characterized the highest energy state in the PES and found only one imaginary frequency in the DFT layer (258i cm −1 ). The Gibbs activation energy for this rotation was 1.8 kcal·mol . We also calculated the Gibbs energy profile for this rotation using molecular dynamics (MD) umbrella sampling (115) (SI Appendix, Fig. S11 ), and the results were similar to those of the QM/MM approach. This result should be expected, because after the first thiol-disulfide exchange, there were no hydrogen bond acceptors/donors for the Cys56-thiol. Hence, its rotation toward the water molecule should be enthalpically favored (−4.2 kcal·mol −1 in Fig. 7 ), because the latter can function as a hydrogen bond acceptor to Cys56. Other than the rotation of the Cys56-thiol, no changes were observed in the active site (Fig. 8) . The Gibbs energy of reaction was +6.5 kcal·mol −1 . In Fig. 7 , we see that the Gibbs energy and the enthalpy behave similarly. Entropy contributions were comparatively small, lowering the Gibbs energy of the mixed disulfide in up to 2 kcal·mol −1 . They seemed to also favor the positioning of the Cys56-thiol for subsequent deprotonation by Glu47. This increase in entropy was mostly derived from vibrational normal modes in the range 170-350 cm −1 (SI Appendix, Fig. S9 ), which already significantly involved atoms from both the DFT layer and the MM environment.
The next chemical step was the deprotonation of the Cys56-thiol by Glu47 via a bridging water molecule. The transition state for this reaction (TS deprot ) exhibited one imaginary frequency in the DFT layer (1,059i cm
) and a very low Gibbs activation energy of 3.6 kcal·mol −1
. It was a concerted synchronous proton transfer from the Cys56-thiol to the Glu47-carboxylate via a water molecule (TS deprot in Fig. 8 ). This reaction was the most exergonic step of the formation of the mixed disulfide, with a Gibbs energy of reaction of -12.8 kcal·mol . However, we did not observe major changes in the active site other than those coming from the rearrangement in hydrogen bonds involving Cys56 and Glu47 (Fig. 8) .
The resulting mixed disulfide (GSH ox -Cys53) is a relatively long-lived species, because the Gibbs activation energy to return the GSH ox -Cys53 to GSSG was ∼25 kcal·mol −1
. From the comparison of the enthalpy and the Gibbs energy profiles in Fig. 7 , we infer that the reason why this final intermediate was stable, comparatively with GSH lg ···GSH ox -Cys53, is mainly in the reorganization of the hydrogen bond network in between Cys56 and Glu47 when the nucleophilic character of Cys56 increased. The complete reaction step was characterized by a Gibbs reaction energy of -6.4 kcal·mol After the formation of the mixed disulfide, two pathways could take place: either the mixed disulfide intermediate went through a second thiol-disulfide exchange with a nearby thiol group from a protein substrate, or it experienced an intramolecular oxidation through the deprotonated Cys56-thiol. We have studied the intramolecular oxidation through the Cys56-thiolate in the presence of the negatively charged GSH lg . However, the PES along the reaction coordinate exhibited no transition state, with the energy increasing to over 20 kcal·mol −1 from the reactants to the products. This result showed that this intramolecular rearrangement would seldom occur as far as the product of the first stage was still bound to the active site or nearby at least. Because both the products of the first and second steps were negatively charged thiolates, they would repel one another. Therefore, we protonated GSH lg , which seemed legitimate, because GSH lg is mostly surrounded by water exhibiting a pK a similar to that determined in water (about 8.75) (24). We have not included the change in Gibbs energy for this transformation in Fig. 7 . Hence, the first and second thiol-disulfide exchange reactions have to be looked at separately from an energetic point of view. The former optimized state showed that the GSH-thiol was preferably directed to the solvent. However, the conformation in which the GSH-thiol was directed toward the mixed disulfide state was only +1.1 kcal·mol −1 higher than the former. We were not able to optimize the TS for the rotation of the GSH-thiol with standard Gaussian09 convergence criteria, because the PES was quite flat; however, we performed a vibration analysis on the highest energy point in the PES, and we observed only one imaginary frequency (171i cm
−1
). The estimated Gibbs energy for this transition was +2.5 kcal·mol
, thus supporting that both conformations should easily interchange. This barrier was also validated through MD simulations of the GSH-thiol rotation with umbrella sampling, which supported that the barriers for the rotation are indeed low (<1 kcal·mol −1 ) (SI Appendix, Fig. S12 ) but also indicated that GSH interacts weakly with the active site of PDI (115) . Regarding protein substrates, we expect that hydrogen bond donors from the backbone or neighboring side chains may function in a similar way to the solvent, stabilizing the negative leaving Cys.
In Fig. 9 , we present the stationary points in the PES for the nucleophilic attack of the Cys56-thiolate to the mixed disulfide and the Gibbs energy profile of the reaction. The latter exhibited a transition state (TS redox2 ) with a low Gibbs activation energy (7.2 kcal·mol . This result supports that intramolecular rearrangements will mainly occur to rescue the trapped mixed disulfide intermediate, because intramolecular oxidation is only favorable if there are hydrogen bond donors or positively charged species that are able to stabilize the negative charge of the leaving thiolate.
The reaction occurred in an identical way to that pictured in Fig. 6 : the Cys56-thiolate formed a hydrogen bond with a nearby water molecule, and it occupied a nearly linear position relative to the mixed disulfide (∼160°). However, contrary to the reactant state (GSSG), the Cys56-thiolate only established one more hydrogen bond with the backbone NH of Ala50. Furthermore, we have proved that this interaction did not compromise our results by studying the same reaction with this interaction described at a DFT level (SI Appendix, Fig. S6 ).
In the transition state (TS redox2 ), the hydrogen bond between the Cys56-thiolate and the water molecule stretched (2.76-3.38 Å), whereas the hydrogen bond between the Cys53-sulfur and the backbone NH of Cys56 shortened (2.58-2.36 Å). This latter interaction was not observed in TS redox1 , in which there were no hydrogen bonds with the central GSSG-sulfur of the linear trisulfide anion. Together with the fewer number of hydrogen bond donors for the Cys56-thiolate in the reactant state (GSH red -Cys53···Cys56), it may be responsible for the lower Gibbs activation energy that was registered for the step. In fact, because the trisulfide configuration is a minimum energy in vacuum (43, 45) , we expected that the Gibbs energy for this reaction depended on the relative stabilization by the environment of the leaving nucleophilic thiolates. TS redox2 was characterized with one imaginary frequency in the DFT layer (111i cm −1 ). When GSH red formed (GSH red ···Cys53-Cys56), it only established a hydrogen bond with the neighboring GSH lg . As for the first thiol-disulfide exchange, the cleavage of the mixed disulfide intermediate was enthalpy-driven, with an entropic contribution for the Gibbs energy lower than 2 kcal·mol −1 (SI Appendix, Table S4 ).
The intramolecular oxidation of the a domain was not ratelimiting, contrary to experimental suggestions (summarized in SI Appendix, Scheme S1) (13, 116) . However, we recall that, in the absence of a polar environment to stabilize the resulting reduced thiolate, this step could be rate-limiting given that no TS was observed for the thiol-disulfide exchange reaction.
The experimental barrier for the second-stage reaction was difficult to assign, because two experimental measurements have provided clearly different results in the past: 14 and 19 kcal·mol −1 (13) . The reason for the discrepancy between the two experimental values is unknown. The Gibbs activation energy obtained here (7.2 kcal·mol −1 ) is in disagreement with both of the (contradictory) experimental values. However, the experimental value for the second-order rate . Considering a stable physiologic GSH concentration of 50 mM (117, 118) , this rate constant would result in a pseudo first-order rate constant of 560 s . One other aspect is that, in the intramolecular oxidation, the GSH lg was stabilized by hydrogen bonds. Two preliminary MD simulations of an enzyme model in the mixed disulfide state immersed in a water box, having the GSH lg -thiol in the neutral and ionized forms, were carried out (details are in SI Appendix and Dataset S6). These simulations have shown that GSH lg unbinds the active site in less than 10 ns (ionized GSH lg thiol) and 1 ns (neutral GSH lg thiol), which indicate that GSH molecules dissociate in a timescale much smaller than the chemical reaction timescale. Because we have not calculated the Gibbs binding energy of GSH in the periphery of the active site, we could not determine accurately which of the states (bound/unbound GSH lg ) will be prevalent. Therefore, we have repeated the intramolecular oxidation in the absence of GSH lg . The reaction was almost thermoneutral and exhibited similar kinetics to that described in Fig. 9 (SI Appendix, Fig. S7 ).
Conclusions
The catalytic mechanism of the reduction of GSSG by hPDI was studied with hybrid QM/MM using the ONIOM methodology. This study provided mechanistic insights transferable to the catalysis of hPDI in the oxidative protein folding pathway.
The reaction occurred in two stages: (i) nucleophilic attack of a Cys53-thiolate to the GSSG-disulfide with elimination of GSH (GSH lg ) followed by a fast rotation (ΔG ‡ < 2 kcal·mol
) and deprotonation of the Cys56-thiol by Glu47 via a bridging water molecule and (ii) protonation, and/or dissociation of GSH lg from the active site followed by Cys56-thiolate nucleophilic attack on the mixed disulfide, forming a second GSH (GSH red ) and oxidizing hPDI. We provided atomistic and thermochemical detail for every step along these reactions (Datasets S7-S9 and Movies S1 and S2).
The first thiol-disulfide exchange exhibited a higher Gibbs activation energy than the second (18.7 vs. 7.2 kcal·mol
−1
). These barriers are in good agreement with the overall experimental turnover (2.6 s −1 ). We observed also that entropy can lower the Gibbs energy in up to 2 kcal·mol −1 on formation of the mixed disulfide intermediate. During this reaction, the His55-imidazole should be in its neutral state at the beginning of the catalysis. The His55-imidazolium form prevented the linear arrangement of the trisulfide anion (in the transition state), raising the barrier for formation of the mixed disulfide intermediate beyond 60 kcal·mol . The hydrogen bonds established between the Cys53-thiolate, the peptidic NHs of His55 and Cys56, and the Cys56-thiol exhibited the largest increase during the S N 2 reaction.
The deprotonation of Cys56-thiol exhibited a Gibbs activation energy of 3.6 kcal·mol The internal disulfide resulted from the cleavage of the mixed disulfide intermediate by the Cys56-thiolate. This second nucleophilic attack occurred quickly if there were polar species that could stabilize the leaving reduced glutathionate. In the presence of negatively charge species, no TS was observed for the same reaction. The Gibbs activation energy that we calculated (7.2 kcal·mol −1 ) is lower than experimentally derived ones (which are contradictory between themselves). However, our Gibbs activation energy for the first reduction of the oxidized a domain agreed very well with the pseudofirst-order turnovers in the literature (13.6 vs. 14.3 kcal·mol −1 ). Overall, our study has provided atomic-level understanding of the reaction mechanism of hPDI. The kinetics of this mechanism may differ in different compartments of the cell, because thioldisulfide exchange kinetics depends on the ratio GSH/GSSG. However, the structural and thermochemical details provided here will be of use for future studies on regulation/inhibition of the activity of hPDI. Despite that, there are diverse factors that influence its activity other than its catalytic sites; the knowledge on the way hPDI reacts with its substrates will always be helpful to control its physiologic functions.
